164 Meta-analyses of genome-wide association studies (GWAS) have identified >240 loci associated with 165 type 2 diabetes (T2D), however most loci have been identified in analyses of European-ancestry 166 individuals. To examine T2D risk in East Asian individuals, we meta-analyzed GWAS data in 77,418 cases  167  and 356,122 controls. In the main analysis, we identified 298 distinct association signals at 178 loci, and  168 across T2D association models with and without consideration of body mass index and sex, we identified 169 56 loci newly implicated in T2D predisposition. Common variants associated with T2D in both East Asian 170
SUMMARY 164
Meta-analyses of genome-wide association studies (GWAS) have identified >240 loci associated with 165 type 2 diabetes (T2D), however most loci have been identified in analyses of European-ancestry 166 individuals. To examine T2D risk in East Asian individuals, we meta-analyzed GWAS data in 77,418 cases 167 and 356,122 controls. In the main analysis, we identified 298 distinct association signals at 178 loci, and 168 across T2D association models with and without consideration of body mass index and sex, we identified 169 56 loci newly implicated in T2D predisposition. Common variants associated with T2D in both East Asian 170
and European populations exhibited strongly correlated effect sizes. New associations include signals 171 in/near GDAP1, PTF1A, SIX3, ALDH2, a microRNA cluster, and genes that affect muscle and adipose 172 differentiation. At another locus, eQTLs at two overlapping T2D signals act through two genes, NKX6-3 173 and ANK1, in different tissues. Association studies in diverse populations identify additional loci and 174 elucidate disease genes, biology, and pathways. 175 176 Type 2 diabetes (T2D) is a common metabolic disease primarily caused by insufficient insulin production 177 and/or secretion by the pancreatic β cells and insulin resistance in peripheral tissues 1 . Most genetic loci 178 associated with T2D have been identified in populations of European (EUR) ancestry, including a recent 179 meta-analysis of genome-wide association studies (GWAS) of nearly 900,000 individuals of European 180 ancestry that identified >240 loci influencing the risk of T2D 2 . Differences in allele frequency between 181 ancestries affect the power to detect associations within a population, particularly among variants rare 182 or monomorphic in one population but more frequent in another 3, 4 . Although smaller than studies in 183
European populations, a recent T2D meta-analysis in almost 200,000 Japanese individuals identified 28 184 additional loci 4 . The relative contributions of different pathways to the pathophysiology of T2D may also 185 differ between ancestry groups. For example, in East Asian (EAS) populations, T2D prevalence is greater 186 than in European populations among people of similar body mass index (BMI) or waist circumference 5 . 187 We performed the largest meta-analysis of East Asian individuals to identify new genetic associations 188 and provide insight into T2D pathogenesis. 189 190
RESULTS 191 We conducted a fixed-effect inverse-variance weighted GWAS meta-analysis combining 23 studies 192 imputed to the 1000 Genomes Phase 3 reference panel from the Asian Genetic Epidemiology Network 193 (AGEN) consortium ( Supplementary Tables 1-3) . We performed sex-combined T2D association without 194 BMI adjustment in 77,418 T2D cases and 356,122 controls (effective sample size, N eff =211,793) and with 195 BMI adjustment in 54,481 T2D cases and 224,231 controls (N eff = 135,780). In the set of studies with adjusted analyses, we also tested for T2D association in models stratified by sex ( Supplementary Figure  197 1). We defined "lead" variants as the strongest T2D-associated variants with P<5x10 -8 and defined the 198 region +/-500 kb from the lead variant as a locus. A locus was considered novel if the lead variant was 199 located at least 500 kb away from previously reported T2D-associated variants in any ancestry. 200 201
Using summary association statistics for ~11.7 million variants without adjustment for BMI 202 ( Supplementary Figure 1 ; Supplementary Tables 1-3) , we identified lead variants at 178 loci to be 203 associated with T2D, of which 49 were novel (Table 1 ; Supplementary Figure 2 ; Supplementary Table 4 ). 204 Lead variants at all novel loci were common (MAF≥5%; Supplementary Figure 3 ), except for two low-205 frequency lead variants near GDAP1 (MAF=2.4%), which regulates mitochondrial proteins and metabolic 206 flux in skeletal muscle 6 , and PTF1A (MAF=4.7%), which encodes a transcription factor required for 207 pancreatic acinar cell development 7 . Lead variants met a stricter P-value threshold for significance based 208 on Bonferroni correction for 11.7 million tests (P<4.3x10 -9 ) at 147 of the 178 loci, including 31 of the 49 209 novel loci. 210 211
Using GCTA 8 , we identified 298 distinct signals that met a locus-wide significance threshold of P<1x10 -5 212
( Supplementary Table 5 ), 204 of which were genome-wide significant (P<5x10 -8 ). Overall, we observed 213 2-4 signals at 50 loci and ≥5 signals at 11 loci. Among the 49 novel loci, 9 loci had two signals and the 214 locus at WNT7B had three signals. Among the ten loci with the most significant meta-analysis P-values of 215 association, seven contained ≥5 distinct signals (16 signals at INS/IGF2/KCNQ1; 7 signals at CDKN2A/B 216 and GRM8/PAX4/LEP; 5 signals at CDKAL1, HHEX/IDE, CDC123/CAMK1D, and TCF7L2; Supplementary 217 Figure 4 ; Supplementary Tables 5). The seven distinct association signals at the GRM8/PAX4/LEP locus 218 span 1.4 Mb, and no evidence of T2D association at this locus has yet been reported in non-East Asian 219 ancestry groups 2,9 (Supplementary Figure 4C ). Joint analyses confirmed independent associations (LD 220 r 2 =0.0025) at two previously reported PAX4 missense variants 10 At the strongest signal, the lead T2D-associated variant, rs33981001, is in high LD with the lead cis-eQTL 232 variant for NKX6-3 in pancreatic islets (rs12549902; EAS LD r 2 =0.79, EUR r 2 =0.83) 16 , and the T2D risk 233 allele is associated with decreased expression of NKX6-3 (β=-0.36, P=6.1x10 -7 ; Figure 1 ) 20 . NKX6-3, or 234 NK6 homeobox 3, encodes a pancreatic islet transcription factor required for the development of alpha 235 and β cells in the pancreas 21 and has been shown to influence insulin secretion 16 . At the second T2D-236 association signal, rs62508166 is in high LD with the lead cis-eQTL variant for ANK1 in subcutaneous 237 adipose tissue 19 and skeletal muscle 15 (rs516946; EAS LD r 2 =0.96, EUR r 2 =0.80), and the T2D risk allele is 238 associated with increased expression of ANK1 (subcutaneous adipose: β=0.20, P=1.8x10 -7 ; skeletal 239 muscle: β=1.01, P=2.8x10 -22 ). ANK1 belongs to the ankyrin family of integral membrane proteins that has 240 been shown to affect glucose uptake in skeletal muscle, and changes in expression levels may lead to 241 insulin resistance 22 . Together, these GWAS and eQTL signals suggest that variants within this ~25 kb 242 region act to increase or decrease expression levels of two different genes in different tissues to 243 increase T2D risk. 244 245
In T2D association analyses adjusted for BMI, we identified an additional ten loci, four of which were not 246 reported previously for T2D, including loci near MYOM3/SRSF10, TSN, GRB10, and NID2 (Supplementary 247 Figure 5A ; Supplementary Table 4 ). At the NID2 locus, the T2D risk allele is associated with lower BMI in 248
East Asian individuals, consistent with a lipodystrophy phenotype 23,24 . Among the combined 188 loci 249 identified in models with and without adjustment for BMI, effect sizes were highly correlated (Pearson 250 correlation r=0.99; Supplementary Figures 1 and 6 ). The locus with the strongest heterogeneity between 251 the two models was FTO (P het =5.6x10 -3 ), although even this locus failed to surpass a Bonferroni-252 corrected threshold for significant heterogeneity (P het <0.05/188=2.7x10 -4 ). 253 254
In sex-stratified analyses of males (28,027 cases and 89,312 controls) and females (27,370 cases and  255 135,055 controls), we identified one additional novel male-specific locus near IFT81 and two additional 256 novel female-specific loci near CPS1 and LMTK2 (Supplementary Figure 5B and 5C; Supplementary Table  257 6). The lead CPS1 variant rs1047891 (Thr1412Asn) has been reported previously to have a stronger 258 effect in females than in males for cardiovascular disease and several blood metabolites 25 . Taken  259  together, we identified a total of 56 novel loci across BMI-unadjusted, BMI-adjusted, and sex-stratified  260  models.  261  262  Among all T2D-associated loci, a region spanning almost 2 Mb on chromosome 12 near ALDH2 exhibited  263 the strongest differences between sexes (rs12231737, P het =2.6x10 -19 ), with compelling evidence of 264 association in males (P=5.5x10 -27 ) and no evidence for association in females (P=0.19) (Supplementary 265 Figure 7 ; Supplementary Table 6 ). Further, joint conditional analyses revealed two conditionally distinct 266 signals (rs12231737, P GCTA =1.7x10 -21 ; rs557597782, P GCTA =4.7x10 -7 ) in males only. ALDH2 encodes 267 aldehyde dehydrogenase 2 family member, a key enzyme in alcohol metabolism that converts 268 acetaldehyde into acetic acid. This stretch of T2D associations in males reflects a long LD block that 269 arose due to a recent selective sweep in East Asian individuals and results in flushing, nausea, and 270 headache following alcohol consumption 26 results provide the most comprehensive and precise catalogue of East Asian T2D effects to date for 284 comparisons across ancestries (Figure 2 ; Supplementary Table 7 ). For 178 EAS T2D loci and 231 EUR T2D 285 loci (unadjusted for BMI) identified in a European meta-analysis 2 , we compared the per-allele effect 286 sizes for the 343 variants available in both datasets (i.e. polymorphic and passed quality control), 287
including lead variants from both ancestries at shared signals. Overall, the per-allele effect sizes 288 between the two ancestries were moderately correlated (r=0.54; Figure 2A ). When the comparison was 289 restricted to the 290 variants that are common (MAF≥5%) in both ancestries, the effect size correlation 290 increased to r=0.71 ( Figure 2B ; Supplementary Figure 8 ). This effect size correlation further increased to 291 r=0.88 for 116 variants significantly associated with T2D (P<5x10 -8 ) in both ancestries. While the overall 292 effect sizes for all 343 variants appear, on average, to be stronger in East Asian individuals than 293
European, this trend is reduced when each locus is represented only by the lead variant from one 294 population (Supplementary Figure 9 ). Specifically, many variants identified with larger effect sizes in the 295
European meta-analysis are missing from the comparison because they were rare/monomorphic or 296 poorly imputed in the East Asian meta-analysis, for which imputation reference panels are less 297
comprehensive ancestry from the gnomAD database 33 . This variant tags a previously described inversion of 415 kb 304 observed only in East Asian individuals that disrupts the coding sequence and expression of ZNF257, as 305 well as lymphoblastoid expression of 81 downstream genes and transcripts 34 . These data suggest that 306 ZNF257 and/or downstream target genes influence T2D susceptibility (Supplementary Figure 10) . 307 308 We identified many loci for which the lead variants exhibited similar allele frequencies and effect sizes in 309 both the East Asian and European meta-analyses, but only reached genome-wide significance in the East 310
Asian meta-analysis. Given shared susceptibility across ancestry groups, these loci may be detected in 311 non-East Asian populations when sample sizes increase. Among these variants is rs117624659, located 312 near NKX6-1 (P EAS = 2.0x10 -16 , P EUR =2.2x10 -4 ). This lead variant overlaps a highly conserved region that 313
shows open chromatin specific to pancreatic islets. We conducted transcriptional reporter assays in 314 MIN6 mouse insulinoma cells and observed that rs117624659 exhibited significant allelic differences in 315 enhancer activity (Figure 3 ; Supplementary Figure 11 ). In the pancreas, NK6 homeobox 1 (NKX6.1) is 316 required for the development of insulin-producing β cells and is a potent bifunctional transcriptional 317 regulator 35 . Further, inactivation of Nkx6.1 in mice demonstrated rapid-onset diabetes due to defects in 318 insulin biosynthesis and secretion 36 . Unexpectedly, the T2D risk allele showed increased transcriptional 319
activity, suggesting that the variant does not act in isolation or that NXK6-1 is not the target gene. 320 321
At one of the novel T2D-associated loci near SIX3, the risk allele of East Asian lead variant rs12712928 322 (RAF=40.2%, OR=1.06, 95% CI 1.04 -1.07, P=3.2x10 -14 ) is common across non-East Asian ancestries, 323 ranging from 16.0% in Europeans to 26.4% in South Asians; however, there was no evidence of 324 association in the other ancestry groups (meta-analysis: OR=0.98, 95% CI 0.96 -0.99, P=2.9x10 -3 ) ( Figure  325 4A; Supplementary Figure 12 ; Supplementary Table 8 ). Within the East Asian meta-analysis, the 326 direction of effect is consistent across East Asian countries ( Figure 4B ) and within the contributing 327 cohorts (Supplementary Figure 13 ). The T2D risk allele rs12712928-C is associated with higher fasting 328 glucose levels in East Asian populations 37,38 , has the strongest association with lower expression levels of 329 both SIX3 and SIX2 in pancreatic islets 17 , and demonstrated allele-specific binding to the transcription 330 factor GABPA and significantly lower levels of transcriptional activity 38 . While larger studies in other 331 ancestry groups could improve the accuracy of the effect estimate, current evidence suggests that the 332 T2D association near SIX3 is specific to East Asian populations. 333 334
To identify potential candidate genes underlying the T2D-association signals identified in East Asian 335 individuals, we further characterized 88 loci, including known and novel loci, for which the lead variant 336 at the primary East Asian association signal is located >500 kb from the lead variant of any primary 337
European T2D association signal 2 ( Supplementary Table 9 ). We characterized loci using prior trait 338 associations, cis-regulatory effects on expression (colocalized eQTL), predicted effects on protein 339 sequence, and a literature search ( Supplementary Tables 10-13 Study-level association analyses 417
Within each study, all variants were tested for association with T2D assuming an additive model of 418
inheritance within a regression framework, including age, sex, and other study-specific covariates 419
( Supplementary Table 3 ). To account for population structure and relatedness, association analyses 420
were either performed using FIRTH 57 or mach2dat with additional adjustment for principal components 421
in unrelated individuals or a linear mixed model with kinship matrix implemented in BOLT-LMM 58 . In 422 studies analyzed with the linear mixed model, allelic effects and standard errors were converted to the 423 log-odds scale that accounts for case-control imbalance 59 . Within each study, variants were removed if 424 the: i) imputation quality score was poor (minimac3 r 2 <0.30; IMPUTE2 info score <0.40); ii) combined 425 case control minor allele count <5; or iii) standard error of the log-OR>10. For a subset of the studies, 426
BMI was added as an additional covariate, and association analyses were also performed separately in 427 males and females. For each study and model, association statistics were corrected with genomic 428 control inflation factor 60 calculated from common variants (MAF≥5%) ( Supplementary Table 3 ). For BBJ, 429
we applied the genomic control inflation factor 1.21 as reported 4 . 430 431
Sex-combined meta-analysis 432 We combined study-level association statistics using fixed effects meta-analysis with inverse-variance 433 weighting of log-ORs implemented in METAL 61 . Variants with allele frequency differences >20% between 434 1000 Genomes Phase 1 and 3 panels were excluded from the meta-analysis. To assess excess inflation 435 arising from cryptic relatedness and population structure, we applied LD score regression to the meta-436 analysis summary statistics to estimate residual inflation of summary statistics, using a set of 1,889 437 unrelated Chinese individuals from the Singapore Chinese Eye Study 62 . The LD score regression 438 intercepts were 0.991 for BMI-unadjusted, and 1.0148 for BMI-adjusted models. As the LD score 439 regression intercepts indicated absence of excess inflation, the meta-analysis results were corrected for 440 inflation using these LD score regression intercepts. For subsequent analyses, we considered only 441 variants that were present in at least 50% of the effective sample size N eff [computed as 4/(1/N cases + 442 1/N controls )] 61 . Heterogeneity in allelic effect sizes between studies were assessed with fixed effects 443 inverse variance weighted meta-analysis P het . We further compared the genetic effects from BMI-444 unadjusted and BMI-adjusted models using fixed effects inverse variance weighted meta-analysis P het . 445
Loci were defined as novel if the lead variant is: (1) at least 500 kb away and confirmed by GCTA to be 446 conditionally independent from previously reported T2D-associated variants in any ancestry, and (2) 447 assessed using LocusZoom plots and detailed literature review to be away from known loci with 448 extended LD. 449 450
Sex-differentiated meta-analysis 451 The meta-analyses described above were repeated for males and females separately. The male-specific 452 meta-analyses included up to 28,027 cases and 89,312 controls (N eff = 65,660) and the female-specific 453
analyses included up to 27,370 cases and 135,055 controls (N eff = 70,332). LD score regression intercepts 454 were 1.0035 for BMI-unadjusted and 1.0034 for BMI-adjusted models in males and 1.0035 for BMI-455 unadjusted and 1.0034 for BMI-adjusted models in females. We further performed a test for 456 heterogeneity in allelic effects between males and females as implemented in GWAMA 63,64 . 457 458
Detection of distinct association signals 459
To detect multiple distinct association signals at each associated locus, we combined overlapping loci 460 when the distance between any pair of lead variants was <1 Mb. We then performed approximate 461 conditional analyses using GCTA 8 with genome-wide meta-analysis summary statistics and LD estimated 462 from 78,000 samples from the Korean Biobank Array 53 . 463 464
Comparing loci effects between East Asian and European populations 465 We compared the per-allele effect sizes of lead variants identified from the East Asian BMI-unadjusted 466 sex-combined meta-analysis (178 lead variants) and European BMI-unadjusted sex-combined meta-467 analysis 2 (231 lead variants; Supplementary Table 7 ). Across the 409 associated variants from the two 468 ancestries, 11 lead variants overlapped, resulting in 398 unique variants. As the variants in the European 469 analysis were imputed using the Haplotype Reference Consortium reference panel and did not include 470 indel variants, a variant in strong LD (East Asian r 2 >0.90) with the lead East Asian variant was used when 471 the lead variant was an indel, when possible. If the lead East Asian variant or a variant in strong LD (East 472
Asian r 2 >0.90) was not available in the European data from DIAMANTE, we used results from a previous 473
European type 2 diabetes meta-analysis 65 . The effect size comparison plot was restricted to 343 variants 474
where data was available for both ancestries (Figure 2A ). For loci that were significant in both the East 475
Asian and European meta-analyses, if the lead variants were different, both lead variants were plotted 476 (see Supplementary Table 7 ). Effect size plots were further restricted to: i) 290 lead variants with 477 MAF≥5% in both East Asian and European meta-analyses ( Supplementary Figure 7) ; ii) 162 lead variants 478 significant in the East Asian meta-analysis (Supplementary Figure 8A) ; and iii) 192 lead variants 479 significant in the European meta-analysis (Supplementary Figure 8B) . 480 481
Associations with other metabolic traits and outcomes 482 We used the Type 2 Diabetes Knowledge Portal 39 to explore associations of the newly identified loci with 483 other metabolic traits and outcomes. Association statistics from the following consortia were available 484 for query on the portal (last accessed March 18, 2019): coronary artery disease from CARDIoGRAM 66 , 485
BMI and waist-hip-ratio from GIANT 67,68 , lipid traits from GLGC 69 , and glycemic traits from MAGIC 70,71 . 486
Additionally, we used available data from AGEN East Asian meta-analyses for lipids 72 Figure 1: Two distinct T2D-association signals at the ANK1-NKX6-3 locus associated with expression levels of two transcripts in two tissues. (A) Regional association plot for East Asian sex-combined BMI-unadjusted meta-analysis at ANK1-NKX6-3 locus. Approximate conditional analysis using GTCA identified three distinct T2D-association signals at this locus (signal 1, rs33981001; signal 2, rs62508166; signal 3, rs144239281, in order of strength of association Supplementary Table 7) . 
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Figure 1: Two distinct T2D-association signals at the ANK1-NKX6-3 locus associated with expression 822 levels of two transcripts in two tissues. (A) Regional association plot for East Asian sex-combined BMI-823 unadjusted meta-analysis at ANK1-NKX6-3 locus. Approximate conditional analysis using GTCA identified 824 three distinct T2D-association signals at this locus (signal 1, rs33981001; signal 2, rs62508166; signal 3, 825 rs144239281, in order of strength of association). Using 1000G Phase3 East Asian LD, variants are 826 colored in red and blue with the first and second distinct signals respectively (lead variants represented 827 as diamonds). (B) Variant rs12549902, in high LD (EAS LD r 2 =0.80, EUR r 2 =0.83) with T2D signal 1, shows 828 the strongest association with expression levels of NXK6-3 in pancreatic islets in 118 individuals 16 . (C)  829 Variant rs516946, in high LD (EAS LD r 2 =0.96, EUR r 2 =0.80) with T2D signal 2, shows the strongest 830 association with expression levels of ANK1 in subcutaneous adipose tissue in 770 individuals 19 . As 831 rs62508166 is not available in the subcutaneous adipose tissue data set, a variant in perfect LD 832 (rs28591316) was used and is represented by the blue diamond variant. 
